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(54) Multilevel screening for color laser printer 

(57) Tone reproduction of an image is improved by 
the use of error diffusion or dithering in the mapping of 
input pixel values on an input values scale to printer 
pixel values on a printer values scale, where the input 
values scale and the printer values scale both have 
more than two levels, to generate an image where a 
spatial average of printer values approximates a spatial 
average of the corresponding input values, as meas- 
ured on the printer values scale. To improve the tone 
reproduction of reduced -resolution images, the printer 
pixel values are grouped into multi-pixel cells, printer 
pixel values within each cell are mapped to a font index 
value, and a font cell corresponding to the index level is 
printed at the location of the cell. The font set is chosen 
such that differences in total deposited ink between 
consecutive font cells is minimized. In the font ceil hav- 
ing a font index value of zero all printer pixel values are 
zero, in the font cell having a font index value of one all 
printer pixel values are zero except for a single pixel 
having an isolated-single-pixel cutoff value, and as the 
font index value of subsequent font cells is incremented 
a printer pixel value is incremented such that all printer 
pixel values are zero except for pixels in a line along the 
scan direction. The final font cell consists of a line of pix- 
els along the scan direction having a full-cell-width 
printer pixel value, and pixels of zero value elsewhere. 
The dynamic range of the font set is extended by a lin- 
ear remapping of font index values. 
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BACKGROUND OF TMF I NVENTION 
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a»aa and ,«ah a pM^d ^ charges, and me eleetoslaHe charges 

! to:x«ri#r r ^'^ 

above and below | , 70 respective^ 2^£L2 Lt° n IT? "° ^ " ^ 160 and 180 directl V 

may be noted by inspection of FIGS Z STe S , Z . ^ " ^ SCa " ,ineS 160 ^ 1 80 as well.) As 
directed to .he L^^mlS^^^l^Si ° f ^ ^l" 9 1 70 is t0 ^ Phonal to the signal level 
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where the toner d enSy ^^ Z^or^n^ J? h "T* 9enerati ° n ° f ima9es " in 
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causes them to clump S^JSXSSS of tZ h "ST^ b <*"*" toner particles which 

Another cause of nonEnSes 'oZSX S'^Slt * ^ ** 

time required to turn the laser off and on. As illustraS iStelSnTI J?J? ? 9 ton ? rdensrt y ' S a result of ,he 
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the length of time that iSe laser ^Zer^ZlT^!^ , ° f d,StanCS °" the toner drum ° f F| Q- ^. 

unity in 9 F.G. 1 E) is ^tSZ^t^ZZ: hT ^ ^ " to a VallJe * 

unity instantaneously nor cannot it return tr ™ ™ 9 ? ** ,aser power 03,1,101 reach *"« value of 

between the laser s gn^tne tasTt^ TeZoZSfT^ ^ ^ ^ the Penality 
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A graph of an exemplary low-power laser signal 200 is shown in FIG 2A anrt a nr *„h ~* .k ,. ... 

230 and a magnified view of the toner lin<» PRn^n^JJ! T\T ' graph 01 1,16 result,n 9 line thickness 
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printable dot corresponds to a value somewhat less than PC1. And when the laser values surrounding the dot have a 
value of two, the smallest printable dot corresponds to a value somewhat less still. Similarly, when the laser values sur- 
rounding a pair of pixels have a value of one, the smallest printable dot corresponds to an average value of the pair of 
pixels somewhat less than PC2. 

5 Another nonlinearity of laser printer imaging is found in the larger laser values which produce shadowed regions. 
A graph of an exemplary laser signal 300 is shown in FIG. 3A, and a graph of the resulting line thickness 330 and a 
magnified view of the toner line 360 generated by the laser printer are shown in FIGS. 3B and 3C, respectively. As may 
be noted by inspection of FIGS. 3A-C, for laser values 300 which are near the middle of the range between zero and 
the full-pixel-width value PP (in this case the first through sixth pixels), the laser engine generates a line 360 whose 
w thickness is roughly proportional to the laser values. However, for laser values which are near the full-pixel-width value 
PP (such as those of the seventh, eighth and ninth pixels), the laser engine, tends to overly darken the pixels. 

The underemphasis of low-power laser signals and the overemphasis of high-power laser signals (in scan lines of 
uniform darkness) is represented by the graph 400 of FIG. 4A, which plots laser value versus toner line thickness, i.e., 
toner "density." As can be seen from the graph 400, for low values 410 of the laser signal the line thickness is zero, as 
75 discussed above in reference to FIGS. 2A-C, and for high values^30 of the laser signal the line thickness reaches unity 
prior to the laser signal reaching the value PP, as discusse^ above in reference to FIGS. 3A-C. 

Another drawback illustrated by FIG. 4A, is the fact thaithe laser values have a finite number of discrete values and 
the line thicknesses therefore have a finite number of discrete thicknesses. This "quantization" of line thicknesses can 
produce "false contours" when there is an area over which the color changes slowly-false contours occur at boundaries 
20 between a region having a gray scale of a first level and an adjoining region having a gray scale at an adjacent level. 

These non-linearities and quantization effects makes accurate image printing a difficult-and complex problem. An 
object of the present invention is therefore to provide method, apparatus, system and media for laser printing which has 
accurate tonal reproduction and is visually pleasing. 

More particularly, it is an object of the present invention to provide method, apparatus, system and media for accu- 
25 rate laser printing in areas with low toner densities. 

It is another object of the present invention to provide method, apparatus, system and media for accurate laser 
printing in areas with high toner densities. 

It is another object of the present invention is to provide method, apparatus, system and media for laser printing 
with smooth transitions between gray scales, especially in areas where the image gray scale changes slowly. 

30 

SUMMARY OF THE INVENTION 

The present invention is directed to a method, apparatus, system and computer-readable media for accurate tone 
reproduction of a reduced-resolution image generated by a printer engine which deposits ink on a printing surface. The 
35 dimensions of a multi-pixel cell are defined, and a font set, which consists of a series of font cells having corresponding 
font index values, is defined. To generate a portion of the image in a multi-pixel cell, the pixel values of pixels in the multi- 
pixel cell is mapped to a font index value, and the font cell corresponding to that font index value is printed on the print- 
ing surface. 

The present invention is also directed to a method, apparatus, system and computer-readable media for accurate 
40 tone reproduction of an image on a printing surface where image values are quantized on an image values scale which 
has more than two values: The image values are mapped to printer values, i.e., values within a range that can be uti- 
lized by the printer engine, which are quantized on a printer values scale which is different from the image values scale 
and has more than two values. Differences between image values and printer values, as measured on the image values 
scale, are corrected so that a spatial average of image values approximates a spatial average of printer values, as 
45 measured on said image values scale. Ink is deposited at the pixel locations on the printing surface in amounts roughly 
proportional to the printer values. 

BRIEF DESCRIPTION OF THE DRAWINGS 

so The foregoing discussion will be understood more readily from the following detailed description of the invention, 
when taken in conjunction with the accompanying drawings, in which: 

FIG. 1 A plots an exemplary laser signal having a large range of values as a function of pixel number; FIG. 1 B is a 
plot of the line thickness versus pixel number for the exemplary laser signal of FIG. 1 A; FIG. 1C shows the toner line 
generated by the exemplary laser signal of FIG. 1 A; FIG. 1 D plots another exemplary laser signal as a function of pixel 
55 number; and FIG. 1 E plots the incident laser power as a function of distance on the toner drum. 

FIG. 2A plots an exemplary laser signal which includes a number of low-values as a function of pixel number; FIG. 
2B is a plot of the line thickness versus pixel number for the exemplary laser signal of FIG. 2A; and FIG. 2C shows the 
toner line generated by the exemplary laser signal of FIG. 2A. 
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3B isTnlofof '2 J" la$6r Si9nal WhiCh inC ' UdeS 3 number 0f hi 9 h " val "es as a function of pixel number; FIG. 

3B is a plot of the line thickness versus pixel number for the exemplary laser signal of FIG. 3A; and FIG 3C shows the 
toner line generated by the exemplary laser signal of FIG. 3A. 

FIG. 4A graphs toner density versus printer value for a typical laser printer printing single pixels and a font set 

"dT^S^ 

a bloTditaramJS !^fr ^ 3 SyStem incorporatina 1,16 P resei * Mention; FIG. SB depicts 

a block diagram of the method of the present invention; FIG. 5C depicts a block diagram of a first embodiment of the 

^>w^ ra ^h °! ® presa ^ invention; 5 ^ depicts a block diagram of the apparatus of FIG. 5C with aditoerer used to 
perform thefunction of the halftoning unit; and FIG. SEdepicts a block diagram of the apparatus of FIG 5C wS anTno? 
drffusor used to perform the function of the halftoning unit ! ' 

nrintplt Sif • T * 'KS* °" ,eft ^ $Canner Va ' U6S for 3 Sing ' 6 pixel and graduated ° n *e right with 
^ , f Z u n9,e P ' Xel: RG - 68 depiCtS 3 sca,e graduated ° n *• left ^h scanner values for a 3 x 3 font ceN 
and graduated on the nght with printer values for a 3 x 3 font cell; and FIG. 6C depicts the relationship between a ™ 
ticular scanner value and the two nearest printer values oeiween a par 

matrlxof m^JSJFTZ ^ ^ ?B Sh0WS 3 piX6 ' P ' 3ne ti,ed with *• *«*Q 

^ „ J* °' 70 ShOWS 3 plxel f 313 " 6 tiled with "on-rectangular dithering matrices 

3 ceH FIG 8 r Z 3 *"* ^!5S f* ° f fonte for a 3 x 3 cell = FIG - SB shows a second preferred set of fonts for a 3 x 
i", FI ° A 8C u shows a set of fonts for a 2 x 2 cell; and FIG. 8D shows a set of forrts for a 1 x 3 cell 

FIG 9B 'J£! 2T^r?. mP,ary hi9h ? Wed r69i0n WhiCh Cannot be acCurate ^ reproduced ^ a P*t» engine, and 
pig. 9B shows the font cells corresponding to the region of FIG. 9A. 

DETAILED DESCRIPTION! OF THE PRFFFRRgp EMROniMFjUTR 

m.th^'Sf 9 ' 3 " 1 "f^ 500 ° f * e Pr6ferred emb odiment of the present invention is shown in FIG. SB The 
method 500 begins with a color matching step 510 which receives additive-color pixel data, such as that generated bv 
a scanner and produces subtractive-color pixel data to be used by a printer. According to industry mSSPSmmS- 
tive-color data is ,n the RGB (i.e.. "red/green/blue") color space and the subtractive^olor data is in thTcMYK Ts 
cyar^magenta/yellow/black") color space. Preferably the calibration system of the color matching ^SWIshSt 
mented I according , to U.& patent application serial number 08/678.884 by Joseph S. Shu. entitled I So la^d a2 a 
tus or Automate Color Correction, which is incorporated herein by reference. Briefly, this calibration system aSes a 
nonlinear interpolation technique to a redely small number of measured sample values generated 
patches to provide a color lookup table having a larger number of calibration values stored therein 9 
The CMYK data generated by the color matching step 510 is directed to a dot gain compensation step 515 prefer- 
^ 3 ^' ng * *? compensation system described in U.S. Patent No. 5.568.572 by Joseph S. Shu entitled Method 
and Apparatus for Tonal Correction in Binary Printing Devices by Prediction of Image Data, which is ah» inSS 
ated herein by reference. Briefly, this dot gain compensation process filters the pixel data by application **f£?El 

Sclmc 93m Compensation step 516 is modified C MYK data, represented in FIG. 5B 

t.on and the width NW of the cell in pixels transverse to the scan direction are defined. (Although the present preferred 

SSSf J Mw I.' 6 \*' n 2 n ° * e deSir6d reS ° ,Uti0n ° f *• Printer im39e - lf R1 X R2 is the res °'"«°n of the 
pnnter then NL x NW cells will produce a resolution of R1/NL x R2/NW. since the NL x NW cell effectively becomes a 

pixel of the reduced resolution image. For instance for a laser printer which scans at 600 Ipi and each scar Mta has a 

T m ZS21 h3Ve dimensi0nS <* NL = 3 "* NW = 2 prod ^ «n -age with 300 Ipi and 200 dpi 

The method 500 continues with a font definition step 523 where a font set is defined for the cell size specified in the 

stisatS 

£ Si JSTk ? ^ ° f Pnnter V3,UeS for the piX6,S 0f the C6|L 1,16 font set has ^ properties that- in 

Tne a^lr n ' n9 . ' f* V3,Ue * ~° 3 " ^ ^ Va,UeS 3re Ze '° : in the font ce » ^ a ^ index value of 
one al pnnter p xel values are zero except for a single pixel having an isolated-single-pixel cutoff value- with each incre- 
mentation of unity of the font index, a printer pixel value for a pixel in the cell is iJmLu^J^Z^S^ 

TaT^Tl^T for p ?!f in 3 ,ine a,on9 * e scan direction: 3nd the ™ ** - coniZ?. TJSZ 

along the scan direction having a full-cell-width printer pixel value, and pixels of zero value elsewhere 

The data .s then directed to a multilevel halftoning step 525 where each component of the CWY'K data is maooed 

msn rt ues sui f ,e fo 0 r K use by 3 printer ensine 54 °- Typica,iy - if ^™*™«to^isz 

obtained from a scanner it is an 8-brt number, and therefore each component has an integer value between 0 and 255 
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Such data will be referred to as "scanner values." Typically each component of the data used by the printer engine (i.e., 
"printer data") has an integer value between a value of 0 and a value of 32, with the value of 32 being the full-pixel-width 
value PR 

The relation of scanner data values to printer data values for a pixel is illustrated by the multilevel halftoning step of 
5 FIG. 6A, where the height of the scale 605 is graduated in 255 equal increments on the left side 61 0, and graduated in 
32 equal increments on the right side 615, since a laser value of 32 will generate an area of ink with the width of a single 
pixel. However, according to the present invention, the scanner values within a cell are summed and mapped to font 
index values, as described in detail below. FIG. 6B depicts the relation of scanner values 61 1 for a 3 x 3 cell to font index 
values 616 for a 3 x 3 celt. Under the assumption that the scanner values of a single pixel range from 0 to 255, there is 
10 a range of 2295=9x255 for a 3 x 3 cell, and as shown in detail below, the font index values for a 3 x 3 cell range from 0 
to 262. 

It should be noted that scanner value graduations of the left side 610 of the scale 605 generally do not occur at the 
same positions as the printer value graduations along the right side 61 5 of the scale 605. Therefore, as depicted in FIG. 
6C, a printer value of (SV/A) will generally fall between two integer values, A and B, where A=SM/PM , PM is the max- 

15 imum printer value and SM is the maximum scanner value. Given that the distance between (SV/A) and the integer - 
printer value A is X, and the distance between (SV/a) and Jtffe integer printer value B is then (1-X), to provide accurate 
tone reproduction of a region having a printer value of (£Wa), a means must be achieved for printing X% of the pixels 
in that region with a printer value of B, and (1-X)% of the pixels in that region with a printer value of A. 

According to the present invention, a halftoning method such as error diffusion or dithering is used to insure that an 

20 average printer value PV is equal to (SV/a), i.e., the average printer value PV is equal to the corresponding scanner 
value SV as measured on the printer value scale. This effectively provides regions with a spatially-averaged printer 
value equal to a spatially-averaged scanner value, since the eye tends to average fluctuations with wavelengths on the 
order of the pixel-to-pixel separation. 

According to the error diffusion method of the present invention, the error generated at a particular pixel may be 

25 passed on to any-group of neighboring pixels. As an example, consider the case where the error at the (M)th pixel 
along a scan line is added to the next pixel, i.e., the ith pixel. In this case, the printer value PV(i) at the current pixel (i.e., 
the ith pixel) is set equal to 

PV(i)=[SV(i)/A + E(i-1) + 1/2], 

30 

where E(i-1) is an error value produced at the previous pixel, and the square brackets indicate truncation to the next 
lowest integer. The error term E(i) at the ith pixel is defined as 

E(i) = SV(i)/A + E(M) - [ SV(i)/A + E(i-1) + 1/2 ]. 

For instance, assume that PM=32 and SM = 255, so As 7.96875. Then, if the scanner value SV of a particular pixel 
is 20, and the error from the previous pixel was 0.452, then the value ( (32 x 20/255) + 0.452 + 0.5 ) = 3.46180, is trun- 
cated to the nearest integer to provide a printer value P V of 3, and the error of -0.03820 is added to the next pixel. And, 
if the scanner value SV of the next pixel is 37, since the error from the previous pixel was -0.03820, then the value ((32 
x 37/255) - 0.03820 + 0.5) = 5.1 0494, is truncated to the nearest integer to provide a printer value PV of 5, and the error 
of -0.39506 is added to the next pixel, and so on. It should be understood that the present invention is directed to any 
method for the diffusion of errors caused by integer rounding of printer values PV(i,j) in the translation from scanner val- 
ues SV(i,j), such that spatially averaged printer values PV(ij) approximate spatially averaged scanner values SV(i,j), as 
measured on the printer values scale. 

According to the dithering technique of the present invention, the printer value PV at the (ij) pixel is related to the 
scanner value SV at the (i,j) pixel by 

PV(i,j) = [ (SV(ij) + M(modM1 (i), modM2(j)) ) /A ], 

so where M is an M1 x M2 dithering matrix having values pseudorandomly distributed between zero and ([A+0.5] -1), and 
the square brackets indicate truncation to the next lowest integer. The additional of small random values to the scanner 
value SV(i.j) prior to truncation acts to randomly raise some printer values PV(i j) to equal ( [SV(i,j) / A ] + 1 ) and trun- 
cate the remainder of the arguments at [SV(i,j) / A ] in the proportions of (1-X)% and X%, respectively, as discussed 
above. 

55 FIG. 7A depicts an exemplary 5x5 dithering matrix 700 for the case where A = 255/32 = 7.96875. As can be deter- 
mined by inspection, the 5 x 5 dithering matrix 700 has approximately an equal number of entries of each value 
between 0 and 7 (in this particular instance, there are three entries of each value between 0 and 7, except that there 
are four 4's). As illustrated by FIG. 7B, the addition of M(modM1(i), modM2(j)) to the scanner value SV(ij) is equivalent 
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to the tiling of the pixel image with dithering matrices 700 and thp c 0 iows„n * «. . • 

of random values to the scanner v^e^v^^n^l:^" 1 ' 0 ' 1 10 method for the additi °" 

spatially averaged approximate spatially SgS^^ J"* va,ues ™M "hich when 

Once the printer values PV have been cor^STT ? ^ 38 measured on Printer values scale, 
values PV are mapped to fcnt ce^ Zoning 525. ce..s of printer 

x 3 at the cell definition stage 520. a font set of 3 ?S -f^* rf thS Ce " Size ^ def ined to be 3 
the method of the present Mention sJown ^ ^tS^fe ?r^^2; ^ ^"^^ 3 x 3 font set acceding to 
engine having limitations such as an isolateSilnqSo^ c^ ** e3Ch font is printab,e bv a '**r 

PC2. and the font set is chosen such ZS^S^^IZ " cutoff va.ue 

It should also be noted thatin all the font setedStoedtel^^ 

Pixel va.ues are zero; in the font cel. havinfa 5^Xj£222 1 * ^ ° f 2ero 3,1 pri " ter 
p.xel having an isolated-single-pixel cutoff value- as^I f^ "^".P"" 1 * p,xel values are zero except for a single 
printerpixe. va.ue is fcKwmJ^^^ ^ of «*"q«« font cells is incremented a 

along the scan directbn; and the final font ce 

printer pixel value, and pixels of zero S^USE fSSSHS *, 9 direC, ''° n ^ 3 

index value of zero) the nonzero pixels haveT^ue lessl n tHH 22* ^ ^ ^P 0 "^ *° *• *><* 
has a value greater than the isolated-sing.e^xS cuto7^ ue VSZEEtl *T and * ' 6aSt 0ne P ixel 

nal. so if the full-pixel-width printer value is 32 then ^ho nrL ♦ 9 V . 6 t0ner " ne is P'Wonal to laser sig- 
2 cel. will assumed to be 64 (resulting i ^S^JSSSSSST: !" J*** - * ^ ^ for a 2 ' 
will assumed to be 96 (resuming in absolution S 20u « £22^*'? Va,Ue * a 3 * 3 Ce " 
assumed to be 128 (resulting in a resolution of 150 Ipi x \sc Tdpi) fU "" Cel '- w,dth pnnter va,ue '°r a 4 x 4 cell will 

so valuetnatwillproduceatoner^ Le, thelaser 

off value PCI of the laser engine is 27 tneloXed do!bt J 25* 2 b ? ** the ^olated-single-pixel cut- 

laser printer is aiong the vertical ^^SSSSXS^S^ 5* * 1 5 '. ** *» SC3n directi °" - *. 
zeroth cel.. labeled as x=0. which is actually the //Ted. depirt^ in to SS ' ^ ^ X ° f Z6r ° ^ *» 
of the cell. (As a reminder that the full-pixei -width value is S a F^riS" -^2 f ™° *™™ in each of * e nine ^ 
35 numerator over the denominator va tod £)Z fom cj hJ£7£?M >M *!* ^ ° f RG& ^ are WrWen as a 
entries in each of the pixels, except for a value of 27 to tht , f* V3 ' Ue X ° f 1 (i e ' ,irst cell > has z ^ 

isolated-single-pixe. cutoff value PCI it is X£^£S£f2 h"* m "* ^ 3 Va,ue ^ to *. 
for a value of 28 in the center pixel the th^d^has zLn^ntl? „ 35 Z& ° entries in each of *• except 
center pixel, and so on. until the sixth cetwlSh ze o enlie, f ?f *" PiXe,S for a value of 29 in the 
course each of these font cells is also ^efTl^TZZT I - 32 * e center P ixel - and * 
Pixel has the full-pixel-width value of 32 anTthe ce SnSJIS ? ^ l ° ,he the center 

and since the average value of the two advent non j£5 ^ * ^ Ce " haS increasin 9 value s from 1 to 32, 
PC2. these font cells are P^EEE^r^cKT *? iS0,aled ^ ubla -^ cutoff value 
above the center cell has a value of 1 , for l^^r n J C6nter ^ h3S 3 Value of 32 and the I** 

cell has a value of 2. and so on. unti the SjSS^JZE*^ ? ^ °' 32 1,16 pixe ' ^ 1,16 center 
the center eel, also has a value of 32. ^Z^S^^TZ^^, 3 ^ ° f 32 and the pixel 
has the full-pixel-width value of 32. the £££1 £J 2. T"'? Ce " t0 816 S6Ventieth cel1 - the certer PW 
direcdy below thecenter cel. has hwSS^^^S! ^ i't^ V3,Ue ° f 32 ' 1,16 ce » 

torn of the central column are sequentially inaeased bv 1^ + ^ t0P ° f the Central co,umt1 and bot- 
a value of 33. and the pixe. aboTe the center pSS ^. S kT^ "* Ce " ^ piXel 1138 

32; for the seventy-second cell the center pi^al^a?^^^^^^^ te »^^ 
and the pixel below the center pixel imaS^^^^^^^^^ M ^^^^». 
the pixel above the center pixel tea^^^^ ^.fr 1 ^^^ W ^ ta «^o*38.and 
fourth eel, the center pixel na^ 

the center pxel has a value of 33; and so on until the E2E£? I" 33 3 ^ d * and * e pixel be,ow 
maximum printer value of 96. and the SeTatove SSTSlSSZSTSll^^^ ^ ^ ^ 08n,8r pixe " has *• 
below the center pixel has the maximum printeTJlue of 2 m3X,mUm Prhtar V3 ' Ue ° f 96 ' * e P ixel 
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It should be noted that for the font cells of FIG. 8A (except the zeroth cell), the sum of the pixel values in a cell, 
minus 26, is equal to the label value of the cell, or mathematically: 

x = (J] pixel value ) - 26 

5 cell 

That is, the total density of toner in each cell increases by unity with each consecutive font cell. Each of these font cells 
is printable, and (except for the gap between the total toner density of the zeroth and first font cells) the difference 

io between the total toner density of consecutive font cells is minimized. Therefore, by consolidating the printer values 
within each cell, only one discontinuity between the printer values and the total toner density remains, and that is the 
gap associated with total toner densities in a cell from 1 to 26. 

The advantage of mapping pixel values to the font cells of the present invention is illustrated by considering the 
exemplary highlight region with pixel values as depicted in FIG. 9A. Because, the isolated single nonzero-valued pixels 

is have a value below the isolated-single-pixel cutoff value PC1 and the isolated pairs of nonzero- valued pixels have val- 
ues below the isolated-double pixels cutoff value PC2, etc., the printer engine is not be able to deposit any toner in this 
region. However, if the printer values in each 3x3 cell aresummed and a font cell with the same value as the sum of 
the printer values is substituted, the printable cells of p\xe\ values depicted in FIG. 9B is produced, where the pixels 
have zero values except for the second, fifth and eighth pixels in the middle column which have values of 30, 31 and 32, 

20 respectively. The increase in dynamic range produced by the font is represented in FIG. 4A. For instance, in the exam- 
ple of FIGS. 9A and 9B where a 3 x 3 cell is used, the minimum printer value which produces a nonzero toner density 
decreases by a factor of 9 from R1 to R1\ 

It should be noted that there are a variety of fonts which may be defined having the properties that: in the font cell 
having a font index value of zero all printer pixel values are zero: in the font cell having a font index value of one all 

25 printer pixel values are zero except for a single pixel having an isolated-single-pixel cutoff value; as the font index value 
of subsequent font cells is incremented a printer pixel value is incremented such that all printer pixel values are zero 
except for pixels in a line along the scan direction; and the final font cell consists of a line of pixels along the scan direc- 
tion having a full-cell-width printer pixel value, and pixels of zero value elsewhere. 

An exemplary alternative to the font set of FIG. 8A is shown in FIG. 8B. As before, the zeroth cell (which is actually 

30 the first ceil depicted in FIG. 8B) has zero entries in each of the nine pixels of the cell; the first cell has zero entries in 
each of the pixels, except for a value of 27 (the isolated-single-pixel cutoff value PC1) in the center pixel; the second 
cell has zero entries in each of the pixels except for a value of 28 in the center pixel, and so on, until the sixth cell which 
has zero entries except for a value of 32 in the center pixel. Then for font cells from the seventh cell to the seventieth 
cell, the center pixel has the full-pixel-width value of 32, and the cell directly above and below the center cell are alter- 

35 nately incremented until the cells directly above and below the center cell reach a value of 32. For instance, for the sev- 
enth cell the central pixel has a value of 32, the pixel above it has a value of 1 , and all the other pixels have values of 0; 
for the eighth cell the central pixel has a value of 32 and the pixels above and below it have values of 1 ; for the ninth cell 
the central pixel has a value of 32, the pixel above it has a value of 2, the pixel below it has a value of 1 , and all the other 
pixels have values of 0, and so on, until the seventieth cell where the central pixel and the pixels directly above and 

40 below it have values of 3Z For the font cells from the seventy-first cell to the one-hundred-and-thirty-fourth cell, the 
value of the central pixel is incremented by unity, so for the seventy-first cell the central pixel has a value of 33. the pixels 
directly above and below the central pixel have values of 32, and all other pixels in the cell have a value of zero; for the 
seventy-second cell the central pixel has a value of 34, the pixels directly above and below the central pixel have values 
of 32, and ail other pixels in the cell have a value of zero; and so on, until the ninety-sixth cell where the central pixel 

45 has a value of 96 (the maximum pixel value), the pixels directly above and below the central pixel have values of 32, 
and all other pixels in the cell have a value of zero. Similarly, for the font cells from the one-hundred-and-thirty-f ifth cell 
to the one-hundred-and-ninety-eighth cell, the value of the pixel above the central pixel is incremented by unity, so for 
the one-hundred-and-thirty-fifth cell the central pixel has a value of 96, the pixel directly above the central pixel has a 
value of 33, the pixel directly below the central pixel has a value of 32, and all other pixels in the cell have a value of 

so zero; for the one-hundred-and-thirty-sixth cell the central pixel has a value of 96, the pixel directly above the central pixel 
has a value of 34, the pixel directly below the central pixel has a value of 32, and all other pixels in the cell have a value 
of zero; and so on. Finally, for the font cells from the one-hundred-and-ninety-ninth cell to the two-hundred-and-sixty- 
second cell, the central pixel and the pixel above the central pixel have values of 96, and the value of the pixel below 
the central pixel is incremented by unity. Therefore, for the one-hundred-and-ninety-ninth cell the central pixel and the 

55 pixel above it have values of 96, and the pixel directly below the central pixel has a value of 33. for the two-hundredth 
cell the central pixel and the pixel above it have values of 96, and the pixel directly below the central pixel has a value 
of 34, and so on, until the two-hundred-and-sixty-second cell where central pixel and the pixels above and below it have 
values of 96. 



7 



EP 0 859 507 A2 



25 



30 



35 



40 



45 



50 



55 



font cells of dimension NL x Nr'may be u s * wh JEK « iS?* 2 °° ^ 3 X 3 Ce,fe are used " ln ««2 
direcbon of the laser, and NT is an integer reores^„«*! T^l re ? resentin 9 the length of the cell along the scan 

5 andtheproduct(NL. N T,isg^ 

For instance, a font set for 2 x 2 cells is sh^in F G 8cT7 'T " ^ * X ^ 
8A and 8B: the zeroth cell (x=0) has valui d^ro >l ** 7f J 0356 with »» ,ont set * <°< 3 x 3 cells of FIGS 
except for a single pixel with-a value of 27 the SatS ELTS I? Ce " M > haS VaJues * zera fo ' each pTxel 
ofzero for each pixel except for a sir>gle pLS ^ Zu^Tt ^ P ° 1 : *" S6COnd <*" < x=2 > •« 

'» PC1 ; and so on until the sixth cell (x=i) which has Safci oS> w ^ ^ iS0lated ^"gle-pixel cutoff value 
32. the full^ixel-width value. In the case of Zn^vlcL Z^ ^ ^ ** 3 sin9 ' e pixel with a value of 
ftrst through the sixth cell is in the upper rigW h?rS^om^»hT h " ^ 8C ' the pixel with a TOn2 ero va.ue in the 

-ng 2 x 2 cells such that the difference in total tone densto of ^? B • thereareavarietyo,wa y so, ^n- 
« pnntable. As was the case with the font sets fo 3x3 SZ fS^T , 2* f n *** ad and 63Ch font ce » « 
except for a pixel with a value of ! and a pixel ^a vaTue 5^^^ 

of zero for each pixel except for a pixel vl a^SL^SS?"^^ ^ a ' 9hth Ce " has ^ 
cell (x=38) which has values ofzero for each pixdexcentt?^ 

in FIG. 8C, in the seventh cell through the W^ejgh^c^elMl^n^'oi 6 !^! ^ s ^ 32. In the case of the font depicted 
» and the other pixel with a nonzero ilue ^SSS^SSi * *2 ° f 32 * h the W right-hand ZnZ 
may be selected to have the nonzero values Therefor t^JS^^T T ^ pair °' pixe,s ce. 
nght-hand pixels are alternately incremented, mui as toe L^u« I 9 one - h ^red-and-third cells, the two 
hundred-and-sbcty-second celte of the font of FIG 8 A For £„» * "TT^ the SSVentieth throu 9 n 
nght-hand corner and a value of 32 in the lower Shi h ^ 

has a value of 33 in the upper rig ht-hand corner and ^ZS^^^^^^-^Me^ceil 
left-hand side; the forty-first cel. has a value of U*£Z^S£Z^ n9ht " ha " d com <* — « values of the 
hand corner, and zero values of the left-hand side and J^ ,^ and a value of 33 in 1,16 '°wer right- 

64. the douUe-pixel-width value P2P. in bTrigN-nS pTxels ^^red-and-third cel. which has values of 

pixel cutoff value PCI ; the second cel. (x°2) £ £j£ SS" T "* 3 V3 ' Ue °' 27 ' 1,16 ^ed-single 
28. one greater than the isolated-single^pixe cuton" va^e PCI and ^ ""J ^ for 3 Single pixel a «*» * 
zero for each pixel except for a single p5 w* a value of 32 L ^. , "2? 1,16 ** Ce " < x=6 > wnicn n « values of 
depicled in FIG. 8D. the pixel wrth a nonzero ^^^^ 
. i the cel. may be selected to have the nonzero JTc^wX^™*" the T & ' 3lth0U9h 3nv co,u ™ 
and values of zero in the other pixels the eighth cell has inTJ , ? 35 3 V3 ' Ue 01 33 in the cen,er P**' 
p.xels. and so on until the seventieth cell which hiavSeo?q^ 

The font cells of the present invention are ^fiS? 6 center P ,xel and values ofzero in the other pixels 

index values in the total ^ cells of consecu^e fom 

improving the accuracy of tone reproduction. The dynSnic ram! ^ T am, ° ran9S " the printer en 9 ine - hereby 
adjustinent. The dynamic range adjustment SaT^SLl^^J 5 ^ impr0Ved bv a range 
of FIG. 4A Then, the font index values are remap^'nthe mulTeTSZ f™^ font index 
•n FIG. 4B. where a font index value of x prior ^Cmi c^oe aS^S 9 525 ™ the iine3r funct, ' on show " 

o uynamic range adjustment is mapped to a value of x' where 

x'=R1' + (R2'-Rv)'x/N, 

central processing unit 52. which may be a «^Sn£2SS^ 3 C0mput6r 50 «>r*olledbya 

connected via a system bus 58 are provided TSSZ SS' JSTT ° f ^ additi ° n3 ' Unite ' a " int - 
have only some of the units depicted in FIG. 5A oTmay ^SSSSlS. 9 3 COmputer m 3y 

include at least the units shown ^ 3 6 add,tonal components not shown, most computers will 
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(I/O) adapter 70 for connecting peripheral devices such as a disk drive 73, printer 75 and scanner 77 to bus 58 via 
cables 72, 74 and 76, respectively. A user interface adapter 66 is also provided for connecting input devices such as a 
mouse, speakers and microphones or keyboard 80 to bus 58. Visual output is provided by a display adapter 68, which 
connects bus 58 to a display device 82 such as a video monitor. Computer 50 has resident thereon and is controlled 

5 and coordinated by a suitable operating system. 

Most relevant to the present invention is printer 75, which typically accepts image, graphic and/or text information 
from an application program (such as a text editor, graphics program or image processor) resident in RAM 56. Control 
of printer 75, including the cell definition 520, multilevel halftoning 525, font indexing 530 and dynamic range adjustment 
535 of the present invention, may be carried out by suitable hardware or software modules resident in the printer 75 or 

10 the computer 50. Generically known as "drivers," these modules process raw image date, graphic information and/or 
text information from the computer 50, possibly having originated in the scanner 77, into a form suitable for directly con- 
trolling the printer engine 540. 

An apparatus 505 corresponding to the method of FIG. 5B is depicted in FIG. 5C. The color matcher 51 1 receives 
additive receives additive-color pixel data, such as that generated by a scanner, and produces subtractive-color pixel 

15 data to be used by a printer. Preferably the color matcher 51 1 is implemented according to U.S. patent application serial 
number 08/678,884 by Joseph S. Shu, entitled Method and Apparatus for Automatic Color Correction, as described 
above. The CMYK data generated by the color matcher ,51 1 is directed to a dot gain compensator 516, which is prefer- 
ably implemented according to the compensation system described in U.S. Patent No. 5,568,572 by Joseph S. Shu, 
entitled Method and Apparatus for Tonal Correction in Binary Printing Devices by Predistortion of Image Data, as also 

20 described above. The output of the dot gain compensator 516 is modified CMYK data, represented in FIG. 5D as 
C'MTK'. The data is then directed to a halftoning unit 528 which performs a halftoning operation whereby each com- 
ponent of the CMYK data is mapped to a range of values suitable for use by a printer engine 541 such that spatially- 
averaged printer values approximate spatially-averaged scanner values, as described above in connection with FIG. 
5B. The halftoning produced by the halftoning unit 528 may be performed by a ditherer 526, as depicted in the particular 

25 embodiment 501 of the apparatus 505 of FIG. 5C shown in FIG. 5D, or by an error diffusor 527, as depicted in the par- 
ticular embodiment 502 of the apparatus 505 of FIG. 5C shown in FIG. 5E. The dithering and error diffusion operations 
performed by the ditherer 526 and error diffusor 527. respectively, are discussed in detail above in reference to the 
method depicted in FIG. 5B. 

The output of the halftoning unit 528 is directed to a halftone font indexer 531 which maps multi-pixel cells of printer 

30 values with dimensions determined by cell dimension definition unit 521 to halftone fonts stored in font cell generator 
522. The cell dimension definition unit 521 may consist of storage registers for storing the cell length NL and the cell 
width NW, and may include means for querying an end user for the desired resolution of the printer image and calcu- 
lating the cell length NL and the cell width NW based on the desired resolution. As discussed in detail above in connec- 
tion with FIGS. 8A, 8B, 8C and 8D, the font cells stored in or generated by the font cell generator 522 have the following 

35 properties: in the font cell having a font index value of zero all printer pixel values are zero; in the font cell having a font 
index value of one all printer pixel values are zero except for a single pixel having an isolated-single pixel cutoff value; 
as the font index value of subsequent font cells is incremented a printer pixel value is incremented such that all printer 
pixel values are zero except for a group of adjacent pixels in a line alone the scan direction; the final font cell consists 
of a line of pixels along the scan direction having a full-cell-width printer pixel value, and pixels of zero value elsewhere; 

40 for all font cells (except the font cell corresponding to the font index value of zero) the nonzero pixels have a value less 
than a full-cell-width printer pixel value; and at least one pixel has a value greater than the isolated single-pixel cutoff 
value. Thereby, the font cell output produced by the halftone font indexer 531 has an increased dynamic range and 
smoother transitions between tones, thereby improving the accuracy of tone reproduction as discussed in detail above. 
Finally, the output of the halftone font indexer 531 is directed to a dynamic range adjuster 536 where the font index val- 

45 ues are remapped according to the linear function shown in FIG. 4B based on the determination of the density versus 
font index value curve of FIG. 4A, and printed by the printer engine 541. 

It should be understood that the block units of FIGS. 5B, 5C, 5D and 5E may be implemented using a programmed 
general-purpose digital computer, using application specific integrated circuits, using a network of interconnected con- 
ventional components and circuits, or using a multithreaded multitasking environment Alternatively, the block units of 

so FIGS. 5C-E may be considered to represent a series of special purpose computers, each containing its own CPU, for 
implementing the corresponding methods, or may represent computer useable media having computer readable pro- 
gram code, or may even represent hardware implementations of the methods. Furthermore, the invention described 
above may be implemented as a component of a conventional processor-driven imaging device, such a facsimile 
machine, document copier, or the like. In summary, those skilled in the art should readily appreciate that programs 

55 defining these functions can be delivered to a computer in many forms, including but not limited to: (a) information per- 
manently stored on non-writable storage media (e.g., read only memory devices within a computer or CD-ROM disks 
readable by a computer I/O attachment); (b) information alterably stored on writable storage media (e.g., floppy disks 
and hard drives); or (c) information conveyed to a computer through communication media such as telephone networks. 
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image values L^CcTS su^UfS ^ ^ ^ 35 meaSured « — 

imates a second spatial average oi^JJ^^'^^Nie^appm. 
scale; and 9 69,0,1 0< Sa,d pnnter values - as measured on said image values 

marWn9 mediUm 31 ^ PiX£,S °" ^ surface in amounts roughly proportional to said 
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mapping said image values for said pixels to printer values, said printer values being quantized on a printer values 
scale having more than two printer scale levels and a maximum printer value which differs from said maximum 
image value, differences between said image values and said printer values, as measured on said image values 
scale, being corrected such that a first spatial average over a region of said image values approximates a second 
5 spatial average over said region of said printer values, as measured on said image values scale, said printer engine 
depositing said marking medium at said pixels on said printing surface in amounts roughly proportional to said 
printer values. 

9. A system for printing an image on a printing surface with accurate tone reproduction, image values for pixels of said 
to image being quantized on an image values scale having more than two image scale levels and a maximum image 

value, comprising: ./ 

a printer engine for depositing marking medium on said printing surface; and 

a halftoning unit for mapping said image values for said pixels to printer values, said printer values being quan- 
is tized on a printer values scale having more than two f printer scale levels and a maximum printer value which 

differs from said maximum image value, differences between said image values and said printer values, as 
measured on said image values scale, being cortected such that a first spatial average over a region of said 
image values approximates a second spatial Average over said region of said printer values, as measured on 
said image values scale, said printer engine depositing said marking medium at said pixels on said printing sur- 
20 face in amounts roughly proportional to said printer values. 

1 0. A computer program for use with an image reproduction system including a scanner, a processor and a printer hav- 
ing a printer engine for depositing marking medium on a printing surface, for providing accurate tone reproduction 
of an image, the computer program product comprising: 

25 

a computer useable medium having computer readable program code to obtain and store image values for pix- 
els of said image, said image values being quantized on an image values scale having more than two image 
scale levels and a maximum image value; 

a computer useable medium having computer readable program code for mapping said image values for said 
30 pixels to printer values, said printer values being quantized on a printer values scale having more than-two 

printer scale levels and a maximum printer value which differs from said maximum image value, differences 
between said image values and said printer values, as measured on said image values scale, being corrected 
such that a first spatial average over a region of said image values approximates a second spatial average over 
said region of said printer values, as measured on said image values scale; and 
35 a computer useable medium having computer readable program code for controlling said printer engine in the 

deposition of said marking medium at said pixels on said printing surface in amounts roughly proportional to 
said printer values. 

1 1 . A method for accurate reduced-resolution tone reproduction of a printed image based on an image of image values, 
40 said printed image being generated by a printer engine with a printer resolution which deposits a marking medium 

at pixels on a printing surface, an amount of said marking medium deposited at said pixels being a function of 
printer values for said pixels, comprising the steps of: 

(a) defining dimensions of a multi-pixel cell of said pixels; 
45 (b) defining a set of font cells, each of said font cells having an arrangement of font pixel values for said pixels 

in said multi-pixel cell and a corresponding font index value; 

(c) mapping said image values for said pixels in said multi-pixel cell to a corresponding one of said font cells; 
and 

(d) printing said font pixel values for said corresponding one of said font cells in said multi-pixel cell on said 
so printing surface. 

12. The method of claim 11 wherein said dimensions of said multi-pixel cell are a cell length, in units of a separation 
between said pixels, along a scan direction of a means for printing in said printer engine, and said printer resolution 
is reduced by a first factor equal to said cell length along said scan direction, and a cell width transverse said scan 

55 direction, in said units of said separation between said pixels, and said printer resolution is reduced by a second 
factor equal to said cell width transverse said scan direction. 

13. The method of daim 11 wherein said printer engine cannot deposit any of said marking medium on said printing 
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22. The method of claim 17 wherein step (c) includes the use of a dithering technique. 

23. The method of claim 17 wherein step (c) includes the use of an error diffusion technique. 

24. The method of claim 17 further including the step of dynamic range adjustment to correct for nonlinearities of said 
marking medium deposited in said multi-pixel cells as a function of said font index values. 

25. An apparatus for accurate reduced-resolution tone reproduction of a printed image based on an image of image 
values, said printed image being generated by a printer engine with a printer resolution which deposits a marking 
medium at pixels on a printing surface, an amount of said marking medium deposited at said pixels being a function 
of printer values for said pixels, comprising: tJ ; 

eel! definition unit for defining dimensions of a multi-pixel cell of said pixels; 

font ceil generator for defining a set of font cells, each of said font ceils having an arrangement of font pixel val- 
ues for said pixels in said multi-pixel cell and a corresponding font index value; and 

halftone font indexer for mapping said image values for said pixels in said multi-pixel cell to a corresponding 
one of said font cells, said printer engine printing said font pixel values for said corresponding one of said font 
cells in said multi-pixel cell on said printing surface. 

26. An apparatus for accurate reduced-resolution tone reproduction of a printed image based on an image of image 
values, said printed image being generated by a printer engine with a printer resolution which deposits a marking 
medium at pixels on a printing surface, an amount of said marking medium deposited at said pixels being a function 
of printer values for said pixels, comprising: 

means for defining dimensions of a multi-pixel cell of said pixels; 

means for defining a set of font cells, each of said font cells having an arrangement of font pixel values for said 
pixels in said multi-pixel cell and a corresponding font index value; and 

means for mapping said image values for said pixels in said multi-pixel cell to a corresponding one of said font 
cells, said printer engine printing said font pixel values for said corresponding one of said font cells in said multi- 
pixel cell on said printing surface. 

27. A system for printing a reduced-resolution image of image values on a printing surface with accurate tone repro- 
duction, comprising: 

a printer engine with a printer resolution which deposits a marking medium at pixels on said printing surface, 

an amount of said marking medium deposited at said pixels being a function of printer values for said pixels; 

a printer engine for depositing marking medium on said printing surface; 

cell dimensions definition unit for defining dimensions of a multi-pixel cell of said pixels; 

font cell generator for providing a set of font cells, each of said font cells having an arrangement of font pixel 

values for said pixels in said multi-pixel cell and a corresponding font index value; and 

halftone font indexer for mapping said image values for said pixels in said multi-pixel cell to a corresponding 

one of said font cells, said printer engine printing said font pixel values for said corresponding one of said font 

cells in said multi-pixel cell on said printing surface. 

28. A computer program for use with an image reproduction system including a scanner, a processor and a printer hav- 
ing a printer engine for depositing marking medium at pixels on a printing surface, for providing accurate reduced- 
resolution tone reproduction of an image of image values, an amount of said marking medium deposited at said 
pixels being a function of printer values for said pixels, the computer program comprising: 

a computer useable medium having computer readable program code to define dimensions of a multi-pixel cell 
of said pixels; 

a computer useable medium having computer readable program code to define a set of font cells, each of said 
font cells having an arrangement of font pixel values for said pixels in said multi-pixel cell and a corresponding 
font index value; 

a computer useable medium having computer readable program code for mapping said image values for said 
pixels in said multi-pixel cell to a corresponding one of said font cells, said printer engine printing said font pixel 
values for said corresponding one of said font cells in said multi-pixel cell on said printing surface. 
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deposits a marking medium at pixels on a orS V P engme a P rirrter ^solution which 

Pixe-sbeinga,^ 

regions, said filtered values being quantized oTa fil er2 52 '™ge values in shadow and .ower midtone 
more than two filtered scale levels V3iueS a maximum filtered value and 

maximum tittered value, differences btfween ZuZJ^ S " P ' in,er Va,ue differs said 
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color matcher for calibrating printer colors generated by said printer engine with said image values obtained 
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from said scanner to produce calibrated image values; 

dot gain compensator for filtering said calibrated image values to provide filtered values lighter than said cali- 
brated image values in highlight and upper midtone regions and darker than said calibrated image values in 
shadow and lower midtone regions, said filtered values being quantized on a filtered values scale having a 
maximum filtered value and more than two filtered scale levels; 

halftoning unit for mapping said filtered values for said pixels to printer values, said printer values being quan- 
tized on a printer values scale having more than two printer scale levels and a maximum printer value which 
differs from said maximum filtered value, differences between said filtered values and said printer values, as 
measured on said filtered values scale, being corrected such that a first spatial average over a region of said 
filtered values approximates a second spatial average over said region of said printer values, as measured on 
said filtered values scale; 

cell dimensions definition unit for defining dimensions of a multi-pixel cell of said pixels; 

font cell generator for generating a set of font cells, each of said font cells having an arrangement of font pixel 

values for said pixels in said multi-pixel cell and a corresponding font index value; 

halftone font indexer for mapping said printer values ;j for said pixels in said multi-pixel cell to a corresponding 
one of said font cells, said printer engine printing s^td font pixel values for said corresponding one of said font 
cells in said multi-pixel cell on said printing surface; and 

dynamic range adjuster for dynamic range adjustment of a dynamic range of said font cells as printed by said 
printer engine to provide an extended dynamic range. 
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(54) Multilevel screening for color laser printer 

(57) Tone reproduction of an image is improved by 
the use of error diffusion or dithering in the mapping of 
input pixel values on an input values scale to printer 
pixel values on a printer values scale, where the input 
values scale and the printer values scale both have 
more than two levels, to generate an image where a 
spatial average of printer values approximates a spatial 
average of the corresponding input values, as meas- 
ured on the printer values scale. To improve the tone 
reproduction of reduced-resolution images, the printer 
pixel values are grouped into multi-pixel cells, printer 
pixel values within each cell are mapped to a font index 
value, and a font cell corresponding to the index level is 
printed at the location of the cell. The font set is chosen 
such that differences in total deposited ink between 
consecutive font cells is minimized. In the font cell hav- 
ing a font index value of zero all printer pixel values are 
zero, in the font cell having a font index value of one all 
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els along the scan direction having a full-cell-width 
printer pixel value, and pixels of zero value elsewhere. 
The dynamic range of the font set is extended by a lin- 
ear remapping of font index values. 
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